In HeLa cells infected with poliovirus, shifts from optimal to supraoptimal temperatures in the middle of the infectious cycle resulted in extensive degradation of newly made virus RNA. This temperature-induced degradation was not observed until about 3 hr after infection. It did not require simultaneous synthesis of proteins. During the first 3 hr of infection at 39"5 °, RNA of temperature-resistant poliovirus strains replicated much faster than at 36 ° . Subsequently, degradation became predominant. Thus, temperature-resistant strains partially escaped the effects of degradation by faster replication. During the first 15o min. approximately, the RNA of temperature-sensitive strains replicated as well at supraoptimal as at optimal temperatures. Subsequently, newly made virus RNA was degraded. The inhibitory effect of supraoptimal temperatures may be due to release, or activation, of a ribonuclease.
INTRODUCTION
The effect of temperature on the development of poliovirus has been extensively studied (Lwoff & Lwoff, I958, 196o, 1961 ; Lwoff, 1962; Cooper, 1964 Cooper, , 1968 Wentworth, McCahon & Cooper, 1968) . Inhibition of virus growth by supraoptimal temperatures occurs mainly during the late phase of the infectious cycle, i.e. at the time of active virus maturation (Lwoff & Lwoff, I961; Nichol & Tershak, I968) . Since virus continues to be synthesized for about 3o min. after shifting from 36 to 4o °, it has been concluded that the primary target in the process of inhibition by supraoptimal temperatures is not morphogenesis of the virion (Lwoff & Lwoff, 196I ; Lwoff, 1962) .
The present experiments were therefore undertaken to determine whether temperature inhibition of virus growth was due to inhibition of virus RNA replication. Virus RNA synthesis was followed at various temperatures in cells infected with either temperature sensitive or resistant strains of poliovirus. Quite unexpectedly, we found that shifting an infected culture from 36 to 39-5 ° in the late phase of virus multiplication resulted in rapid and extensive degradation of previously made virus RNA. These experiments led us to conclude that temperature inhibition of virus growth is due to degradation of virus RNA, rather than to thermosensitivity of virus RNA polymerase.
Part of these results have already been published (Fiszman, Menard-Bucchini & Lwoff, Suspension cultures of HeLa cells were infected with poliovirus type I as already described (Baltimore, Girard & Darnell, I966) . Poliovirus strains used were derived from Sabin's strain Lsczab. They were vs 35, which has an optimal growth temperature of 34 to 36°, and an rt value (Lwoff, I962) of 38.5°; and vs 4I, which was derived from vs 35 by adaptation to progressively increased temperatures (Lwoff & Lwoff, I96o) ; its rt is 40'8 °. In some experiments, the MAHONEY strain of virus was also used.
Virus RNA synthesis was determined by the incorporation of [14C] or [3H] uridine in the presence of 5 #g./ml. Actinomycin D. Samples of the infected labelled cultures (o-1 to 0"5 ml.) were withdrawn at various indicated times, pipetted into ice cold 5 ~ trichloracetic acid, and centrifuged for z min. at Iooog. The resulting pellets were washed 3 times with ice cold trichloracetic acid, then incubated for 3o min. in o'5 ml of 5 ~ trichloracetic acid at Ioo °. The samples were centrifuged again, and IO ml. of Bray's solution (Bray, I96o) were added to the supernatant fluids?_Radioactivity was determined in a Nuclear Chicago Mark I liquid scintillation counter.
Cytoplasmic extracts were prepared in RSB (o.oi M-tris+HC1 pH 7'4, o.oi M-NaC1, o.ooI5M-MgCl2) as previously described (Penman, Becket, & Darnell, I964; Girard, Baltimore & Darnell, I967) . They were made up to 1 ~ sodium deoxycholate, to I Brij 58, and to o-o2 M-EDTA. They were centrifuged through I4 ml. gradients of 5 to 2o (w/w) sucrose in RSB with o.o2 M-EDTA added, which were layered on top of 2 ml. of 6o ~ (w/w) sucrose in the same buffer. Centrifugation was for 3½ hr at 25,ooo rev./min., 3 ° in the SW25"3 rotor of the Spinco ultracentrifuge.
For analysis of RNA, I ~ sodium dodecyl sulphate was added to cytoplasmic extracts and centrifuged in the SW 25. 3 rotor for 17 hr at 24,4oo rev./min., 22 e, through I6 ml. gradients of I5 to 30 ~ (w/w) sucrose in o'o5 ~ sodium dodecyl sulphate buffer (o.oi Mtris + HC1 pH 7"4, o-I M-NaC1, o-ooi M-EDTA, o'o5 ~o sodium dodecyl sulphate). Gradients were analysed for absorbence at 26o nm. and for acid precipitable radioactivity as already described.
[x4C]Uridine (3o mc/m-mole) or [3H]uridine (2o to 25 c/m-mole) was purchased from the French Commissariat/~ l'Energie Atomique, Saclay, France. Cycloheximide was purchased from Koch Light Laboratories, and pancreatic ribonuclease (protease free, type XIIA) from Sigma Chemicals. Actinomycin D was a gift from the Merck, Sharp and Dohme Laboratories, Rahway, N.J., U.S.A.
RESULTS

Inhibition of vs 35 RNA synthesis by supraoptimal temperatures
Temperatures greater than 360 markedly inhibited the multiplication of poliovirus vs 35 judged by infectivity (Lwoff & Lwoff, 196o; Lwoff, 1962) . The possibility that the temperature effect was due to inhibition of virus RNA synthesis was examined (Fig. I) . The synthesis of vs 35 RNA was inhibited at supraoptimal temperatures, and the higher the temperature, the greater the extent of inhibition. Since little if any incorporation of labelled uridine could be detected at 39.5 °, this was chosen as the inhibitory temperature in all experiments described below.
Shift-up experiments
When cells infected with vs 35 were transferred from 36 to 39"5 ° at various times after infection (shift-up experiments) in the middle of the replication cycle, virus RNA synthesis proceeded at a decreased rate for about 3o min. when there was a dramatic decrease in the amount of labelled RNA (Fig, 2, curve D) . When the temperature shift occurred late in the replication cycle, the breakdown of RNA began almost immediately (Fig. 2 , curves E, F, G).
To investigate whether protein synthesis was required for the thermo-induced degradation of virus RNA, an experiment using cycloheximide was done. This substance is known to inhibit protein synthesis (Ennis & Lubin, I964; Baltimore et al. I966, Willems & Penman, I967) . HeLa cells were infected with vs 35 at 36 °, and labelled with [l~C] uridine. Three and a half hr after infection, IOO #g./ml. cycloheximide was added to the culture, and a sample was immediately transferred to 39.5 °. Control cells not treated with cycloheximide were also transferred to 39.5 ° at the same time. The temperature-induced degradation of virus RNA occurred after about the same length of time, and to approximately the same extent, in the presence or the absence of cycloheximide (Fig. 3) . Although virus RNA synthesis was halted about 2o to 3o rain. after the addition of cycloheximide, there was no evidence of RNA degradation during at least 2½ hr at 36 °. However, when a sample of this culture was transferred to 39.5 ° 4o min. after the addition of cycloheximide, immediate degradation of virus RNA occurred. Therefore, simultaneous protein synthesis was not required for the expression of the degradation factor.
Results identical to those shown in Fig. 3 were also obtained through the use of guanidine, which inhibits poliovirus RNA replication (Baltimore et al. I963) : transfer to 39.5 ° of a guanidine-treated culture, in which synthesis of virus RNA had been halted, led to immediate degradation of previously made RNA. 
Nature of the degraded RNA
The nature of the RNA degraded at 39.5 ° was investigated by preparing cytoplasmic extracts from infected cells which had been incubated at 36 ° for 3½ hr, then labelled and transferred to 39-5 ° for various lengths of time. These were analysed by sucrose gradient centrifugation. The distribution of label in a sample withdrawn Io min. after transfer to 39.5 ° (Fig. 4 a) was the same as in a sample withdrawn at the same time from a control culture maintained at 36o (not shown). Three peaks of radioactivity were found, corres- tation profile of labelled RNA 30 min. after transfer to 39"5 °, i.e. at the time when virus RNA synthesis ceased and degradation began. By comparison with Fig. 4d (culture kept at 36°), the amounts of new virus RNA and virions at 39.5 ° were much less than at 36°• Ninety rain. after the temperature shift, i.e. 60 rain. after the apparent beginning of RNA degradation, the same three peaks of labelled RNA were still evident (Fig. 4c) 5o ~ of the radioactivity had disappeared from the peak of virus RNA (compare Fig. 4c, d ). However, there was no evidence for the accumulation of label in low molecular weight material.
RNA from fractions I8 to 25 of the various gradients ( Fig. 4a to d ) was extracted with sodium dodecyl sulphate and further analysed. The RNA from fractions I8 to 25 of gradient about (9o min. after increasing the temperature) sedimented as a relatively homogeneous peak at about 33 S (Fig. 4f) -Its sedimentation profile was indistinguishable from that of the RNAs extracted from the same region of gradient b (Fig. 4f) or d (Fig. 4e) . Although identical amounts of ribosomal RNA (judged by optical density) were recovered in samples a to d, the amounts of radioactivity in fractions r8 to 25 of the various gradients were: T 90,000 counts/rain, in gradient d (360 control); 130,0o0 counts/min, in gradient b (30 min. at 39"5°); and only 6o,oo0 counts/min, in gradient c (90 rain. at 39-5°). Between 30 and 9o min. at 39.5 ° there was therefore a net loss of about 50 ~ of the virus RNA. Since most of the RNA in the peak of fractions 18 to 25 was released from polyribosomes by the treatment with EDTA, we concluded that the RNA which is degraded arose primarily from polyribosomes. This conclusion is strengthened by the observation that synthesis of virus proteins is rapidly inhibited after transfer to 39-5 ° (unpublished results).
Shift-down experiments
HeLa cells were incubated at 39-5 ° immediately upon infection, and samples transferred to 36° at various times thereafter (shift-down experiment). Shifting to 36° up to 2 hr after infection preserved normal synthesis of virus RNA (Fig. 5, curve B) . However, after 3 hr at 39.5 °, irreversible inhibition of RNA replication progressively occurred (curves D to F). These results confirmed the previous observations of Lwoff & Lwoff (196o) and Nichol & Tershak (1968) who showed that supraoptimal temperatures had little or no effect during the eclipse phase of poliovirus replication.
Kinetics of RNA synthesis at 39"5 ° In order to follow the synthesis of single-and double-stranded virus RNAs at optimal and supraoptimal temperature cytoplasmic extracts from infected cells maintained continuously at either 36 or 39.5 ° were prepared at various times after infection and treated with sodium dodecyl suphate. Pancreatic ribonuclease (RNase, 1oo/zg./ml.) was added to a portion of each extract. Both RNase treated and untreated samples were analysed by sucrose gradient centrifugation for I8 s double-stranded RNA and 35 s single-stranded RNA, respectively (Baltimore et al. I966) . At 2 hr after infection, almost identical amounts of 35 s RNA, and of i8 s RNase-resistant RNA, were synthesized at both temperatures (Fig. 6 ). However, a difference was noted in the exponential increase in RNA. At 36 °, the doubling time for both RNA species was about Io min., while at 39"5 ° this figure increased to more than 16 min. This explains why the amount of virus RNA synthesized 3 hr after infection at 39.5 ° was only about Io ~ of that synthesized at 36°. Thereafter, during the final 9 o rain. of virus RNA synthesis, the rate of 35 s RNA synthesis at 39.5 ° was only 2 to 3 ~ of the rate at 36°. This experiment showed that the RNA polymerase of strain vs 35 was relatively insensitive to supraoptimal temperatures, since it could synthesize virus RNA for several hr at 39.5 °. It also showed that no degradation factor seemed to be present in cells infected with vs 35 for at least the first 2 hr after infection.
The pronounced inhibition of RNA synthesis seen after the third hr at 39-5 ° (Fig. 6 ) could equally be attributed to inhibition of RNA synthesis or to competition between continuing synthesis and progressive degradation of the RNA. To distinguish between these Effects of supraoptimal temperatures 299 two possibilities, cycloheximide (~oo/~g./ml.) was added 3 hr after infection to a sample of an infected culture maintained at 39.5 ° from the beginning of infection. Cytoplasmic extracts treated with sodium dodecyl sulphate were prepared at various times thereafter and analysed on sucrose gradients (Fig. 7) . For the sake of clarity, only the samples withdrawn 4½ hr after infection are shown. In the untreated sample, there was a greater amount , and samples were transferred to 36 ° (O ©) at the various indicated times (arrows). Labelling conditions were the same as for Fig. 2 , except that acid precipitable radioactivity was determined on o'3 ml. samples. The culture labelled A was incubated at 36 ' immediately after infection, of label in double-stranded I8 s RNA, than in virus 35 s RNA (virus RNA increased by only ~ 5 ~o between 3 and 4½ hr after infection in this experiment, whereas double-stranded RNA increased more than seven-fold). Since 35 s RNA is the predominant species made at 36°, these observations suggested that degradation of single-stranded RNA was responsible for the change in pattern. That this was so was further supported by the sedimentation pattern obtained from the cycloheximide treated samples in which 35 s RNA was practically non-existent (Fig. 7, closed circles) . These results led to the conclusion that in cells infected with vs 35 and maintained continuously at 39"5 °, a degradation factor was indeed present after 3 hr of infection. 
Temperature sensitivity of vs 4~
If the degradation factor noted in the preceding experiments was specified by virus, it could be expected that no degradation of virus RNA would occur upon infection with virus strains able to grow at temperatures higher than 360 . An experiment similar to that illustrated in Fig. 3 was therefore done with poliovirus vs 4~, and the rt of which is 4o.8 °. Upon shift-up from 36 to 39.5 °, synthesis of vs 4I RNA continued for c. t hr, at which point degradation of RNA began (Fig. 8) . As with vs 35, synthesis of vs 41 RNA was inhibited within 2o min. by cycloheximide, and no degradation of virus RNA could be detected during the following incubation at 36°. However, transfer of the cycloheximide (Cooper, 1964 (Cooper, , 1968 . Therefore, the thermo-resistance of a virus strain does not preclude at all the occurrence of the degradation factor. Here, the main difference between the two types of strains was that, upon transfer to 39.5 °, RNA synthesis lasted longer in vs 41 than in vs 35 infected cells (compare Figs. 3 and 8) .
Since a temperature-induced degradation of virus RNA also occurred in vs 4I infected cells, how can such a virus grow at temperatures higher than 36o ? To answer this question, vs 4I infected HeLa cells were continuously incubated at either 36 or 39.5 ° starting immediately after the beginning of infection, and synthesis of virus RNA was followed (Fig. 9) . At 39"5 °, the linear phase of virus RNA synthesis began about 45 rain. earlier than at 36°. This implied a much shorter doubling time for the RNA during the early exponential phase. However, 3 hr after infection at 39.5 °, synthesis of vs 4r RNA ceased and degradation occurred. Identical results were found when the amounts of vs 4I 35 s RNA made at 36 and 39.5 ° were determined by sucrose gradient analysis of cytoplasmic extracts treated with sodium dodecyl sulphate: there was 3"5 times more 35 s RNA made at 39.5 ° than at 360 after 2¼ hr of infection, and still 2"5 times more after 23 hr. These figures then dropped to respectively I and o'5 at 3¼ and 33 hr. Thus, at 39.5 °, replication of the RNA of the thermoresistant strain was accelerated. This allowed the virus to make about 4o ~o of its normal amount of RNA before degradation overtook synthesis. These results also demonstrated that no degradation factor was present in vs 4I infected cells up to about 3 hr after infection.
DISCUSSION
The experiments described above demonstrate that supraoptimal temperatures inhibit net synthesis of poliovirus RNA. The most obvious hypothesis to explain this inhibition, is that RNA polymerase itself would be inactivated. However, polymerase of the thermosensitive strain is not thermolabile, because when the virus is grown at 39-5 ° from the beginning of infection, virus RNA is actively synthesized over a 3 hr period (see Fig. 6 ). Also, synthesis of virus RNA does not immediately cease upon transfer from optimal to snpraoptimal temperature of a culture infected with the thermosensitive strain, even when cycloheximide is added to prevent further synthesis of virus RNA polymerase (see Fig. 3 )-Finally, Priess & Eggers (t 968) have shown that poliovirus RNA polymerase can function in vitro at temperatures which do not allow virus growth in vivo. Therefore, although polymerase thermosensitivity may be involved to some extent, it is not the main factor of thermal inhibition.
The demonstration of a thermo-induced degradation of virus RNA provides another explanation for the effects of supraoptimal temperatures. Aside from causing a net loss in newly made virus RNA, this degradation also slows down polymerase synthesis through loss of polyribosomal RNA, therefore resulting in progressively increased inhibition of RNA replication. The factor responsible for RNA degradation is present in cells infected at 36 °, but is activated only upon transfer to elevated temperatures. It cannot be detected earlier than about 3 hr after infection.
Our observations are in disagreement with the results of Tershak (I969), who found no evidence for degradation of poliovirus RNA at 4 o°. However, the only experiment in which this author looked for eventual degradation of RNA (Fig. 5 of his report) showed a profound difference in the labelling of virus RNA at 35 and 4o°: in the infected culture maintained at 35 °, pulse-labelled from I to 2 hr after infection, then 'chased', there was a tenfold increase in the amount of [SH]uridine incorporated into virus RNA during the first I½ hr after the chase. No such increase could be detected in a similarly treated culture maintained at 4 o°. This either means that synthesis of virus RNA was halted at 4 °° after the second hour of infection, or that the RNA which was made after that time was degraded. The evidence presented here shows that this last interpretation is probably the most correct.
The factor responsible for RNA degradation has not yet been identified. When cellular extracts were tested in vitro for ribonuclease activity, no difference was found between uninfected and infected cells, whether kept at 36° or transferred to 39.5 ° (unpublished results). This suggests that the degradation factor might be a pre-existing cellular ribonuclease,
